Recent data have expanded our understanding of Notch signaling by identifying a C2 domain at the N-terminus of Notch ligands which has both lipid-and receptor-binding properties. We present novel structures of human ligands Jagged2 and DLL4 and human Notch-2, together with functional assays, which suggest that ligand-mediated coupling of membrane recognition and Notch binding is likely to be critical in establishing the optimal context for Notch signaling. Comparisons between the Jagged and Delta family show a huge diversity in the structures of the loops at the apex of the C2 domain implicated in membrane recognition and Jagged1 missense mutations which affect these loops and are associated with extrahepatic biliary atresia lead to a loss of membrane recognition, but do not alter Notch binding. Taken together, these data suggest that C2 domain binding to membranes is an important element in tuning ligand-dependent Notch signaling in different physiological contexts.
surface. A subset of Jagged1 mutations which are associated with extrahepatic biliary atresia and affect the loops at the apex of the C2 domain reduce both Notch activation and lipid binding indicating the importance of membrane binding for tuning the Notch signal in specific physiological contexts.
Results:
Structures of the N-terminal domains of human Notch ligands highlight conformational flexibility between EGF2-3 which may facilitate formation of an extended Notch/ligand binding interface
We expressed and solved the structures of various N-terminal fragments of both human DLL4 and Jagged2 (Table 1) . These fragments include the N-terminal C2 lipid binding domain, the receptor binding DSL domain, and two ('N-EGF2') or three ('N-EGF3') adjacent EGF domains. Here we present the first structures of Jagged2 (N-EGF2 and N-EGF3) which has only 58% sequence identity with human Jagged1 (N-EGF3), together with the longest known structure of a DLL4 ligand (human DLL4 N-EGF3) ( Figure 1A ). This allows, for the first time, comparative structural analyses of all the canonical ligands. Superposition of the different Jagged2 structures from our study, with all the various Notch ligand structures (Chillakuri et al., 2013; Kershaw et al., 2015) across the DSL domain, shows that within this region the ligands form a near-linear domain organization ( Figure   1B ). However the angle between adjacent domains can vary subtly, resulting in the ligand structures appearing to fall into two groups, one group including Jagged1, DLL1 and some structures of Jagged2, and the other including DLL4, and some structures of Jagged2. The observation that Jagged2 is split across the two groups, suggests that there is some flexibility between adjacent domains of the Notch ligands, and that all may be able to adopt these different conformations. It is therefore likely that the conformation seen is determined by crystal packing. For example the angle between EGF2 and EGF3 in our hDLL4 structure, is likely due to interactions with a neighbouring molecule in the crystal lattice. The only ligand-Notch complex seen to date shows the ligand to be in the more bent conformation, we propose that this is due to the use of a short Notch EGF11-13 construct. We have previously shown that modelling of Notch EGF4-13 in complex with ligand, based on the published structure of the receptor/ligand complex, leads to a steric clash (Weisshuhn et al., 2016) . However, if the ligand remodels into the straighter form, shown in our new structures, this allows good packing interactions between Notch EGF4-13 and ligand, extending the binding interface along the longitudinal axis, and suggests that remodelling is a prerequisite for the ligand to form optimal contacts with Notch ( Figure 1C ).
Comparison of the N-terminal C2 domains of human Notch ligands show differences in the lipid binding region
All of the C2 domains of the human Notch ligands superpose with RMSDs of between 1.1 and 1.5 Å. All have type II topology and are most similar to members of the PKC-C2 family (Corbalan-Garcia and Gomez-Fernandez, 2014) including Munc-13 and phosphoplipase A2 (cPLA2) (from DALI search). One distinct feature of the Notch ligand C2 domains is the presence of a long loop between strands 2 and 3, which forms the Notch EGF12 binding site 1. The stability of this loop is supported by a disulphide bond between the loop, and strand 2 (Luca et al., 2015) . Despite strong overall structural conservation of the C2 domains there are major differences in the loops between strands 1 and 2, strands 3 and 4 and between strands 5 and 6. This region, at the extreme termini of the Notch ligands, is the putative lipid binding site (Figure 2A,B ) and the differences in the loops of the ligand C2 domains most likely confer different lipid binding specificities. Even between rat and human DLL4 there are loop differences suggesting that these regions are optimized for the different mammalian physiologies ( Figure S1 ).
The C2 loops are ordered upon calcium binding in both Jagged1 (Chillakuri et al., 2013) and Jagged2 and contain the amino acid ligands for calcium binding although the number of calcium ions bound differs. Interestingly, the three calcium ions bound in the Jagged2 C2 domain are at equivalent positions to three of the five calcium ions bound in the Perforin C2 domain (Yagi et al., 2015) . The loops are fully ordered in DLL4, and mostly ordered in DLL1 (Kershaw et al., 2015) despite the absence of calcium-binding sites in the Delta family (Figure 2A, B ). Consistent with this, two of the key aspartate side chain calcium ligands conserved in Jagged1 and 2 are replaced with arginine and histidine residues (Arg-55 and His-123 in DLL4) ( Figure 2C ). All of the Notch ligands, irrespective of whether they have calcium-binding sites or not, contain few hydrophobic residues in calcium-binding region 1 (CBR1) or CBR3, and those that are present are not at the tip of the loops (tip being defined as closest to the membrane) ( Figure 2 ). This suggests that the Notch ligand C2 domains are not deeply buried within the membrane upon binding and are therefore distinguishable from intracellular C2 domain proteins, and Perforin (Yagi et al., 2015) .
Human Notch-2 EGF11-13 structure is highly homologous to Notch 1
We have also solved the structure of human Notch-2 EGF11-13, which includes the ligand-binding region (EGF11-12) ( Figure 1D and table 1). Human Notch-2 EGF11-13 has 67% sequence identity with human Notch-1, and superposition of the two structures shows that both adopt a very similar linear arrangement (RMSD = 1.55 Å) ( Figure 1D ). In our crystal structure, Notch-2 is O-fucosylated on Thr-470, and O-glucosylated on Ser-462 and Ser-500. In the earlier Notch1-DLL4 structure the O-fucose on the equivalent threonine residue in EGF12 is seen to be involved in direct intermolecular binding to the C2 domain (Luca et al., 2015; Taylor et al., 2014) . In contrast the Oglucose modifications affecting specific serine residues in Notch-2 appear to stabilize intramolecular structure as observed previously for the Notch-1 complex (Luca et al., 2015) : the disaccharide (glucose + xylose) on Ser-462 may stabilize Notch-2 EGF12 through interaction with Phe-478 (shown), shielding it from the solvent. Similarly the O-glucose on Ser-500 may stabilize EGF13 through interaction with Phe-516 ( Figure 1D ).
The availability of our new structures of hJagged2, hDLL4 and hNotch-2 allow modelling of the receptor-binding interface across all canonical ligands and Notch-1/Notch-2 and show that almost all of the key residues involved in ligand binding (Leu-468, Asp-469 and Ile-477 in site 1, Phe-436 and Arg-448 in site 2) are conserved in Notch-2. Receptor-binding residues in site 1 and 2 are also highly conserved across the ligands suggesting that other forms of regulation must be present to drive specific ligand-receptor pairing and signaling, rather than intrinsic differences in affinity between the core recognition elements of the various receptor-ligand pairs (Figure 3 & S1). This is supported by assaying different combinations of receptor/ligands which show similar levels of binding ( Figure 4A ). Fringe extension of O-fucosylated sites in the receptor is already known to change the responsiveness to ligand binding, but the variation in loop sequences in C2 domains of ligands offer another potential method to fine tune the affinity of the Notch complex and subsequent signaling capability.
Cross-talk between Notch and liposome binding:
Purification of N-terminal fragments of all of the human Notch ligands, allowed us to assess lipid binding of these constructs. All of the canonical Notch ligands (Jagged1, Jagged2, DLL1 and DLL4) bound to liposomes consisting of a mixture of phosphatidylcholine/phosphatidylserine/phosphatidylethanolamine (PC/PS/PE), however DLL3 (non-canonical) did not show significant binding ( Figure 4B ). To investigate whether Notch ligands are able to bind to both lipids and Notch simultaneously we added Notch-1 EGF11-13 into our liposome assays. When working at low concentrations of ligand i.e. below concentrations where liposome binding can be observed, the addition of Notch-1 stimulated liposome binding to Jagged1 ( Figure 4C ). This stimulation is abolished when residues in the C2 domain involved in calcium binding were mutated (D140A/D144A, C2(1)), or when the two loops forming the putative lipid binding site in the C2 domain were substantially shortened (Del1Del2D140A, C2(2)). In addition, liposome binding was also abolished when Notch binding was inhibited by either inclusion of an antibody recognising the receptor-binding site of the DSL domain of Jagged1 (α-DSL), or use of a Notch-1 variant L468A, defective in ligand binding (LBR) ( Figure 4C ).
To investigate whether or not this stimulation of liposome binding is seen for all Notch ligands, we set up analogous liposome binding assays adding either Notch-1 or Notch-2 EGF11-13. Addition of Notch-1 to liposome assays enhanced binding of Jagged1, Jagged2 and DLL4 to liposomes, while Notch-2 enhanced binding to Jagged1, Jagged2 but not Dll4 ( Figure 4D ). No enhancement is seen with either Notch-1 or Notch-2 for DLL1 or DLL3 liposome binding. The enhancement of liposome binding seen for some of the ligands upon addition of Notch, may be due to Notch binding to and rigidifying the ligands, and thereby decreasing the loss of entropy upon binding to the lipids/membrane. Such coupling between the two binding events gives a mechanism to increase the affinity of the receptor/ligand complex and enhance signaling by a specific ligand in a particular physiological context and/or to affect selection by Notch of one ligand from a pool of ligands expressed on the cell surface, despite the apparently similar affinities of each Notch for all ligands.
Thus the lipid composition of the cell membrane could act as a modulator of Notch signaling, in addition to O-glycosylation of the receptor.
Human disease-associated mutations alter membrane but not Notch binding.
Taken together our data strongly support a key role for the ligand C2 domains in Notch signaling independent of direct Notch engagement. Point mutations in Jagged-1 have previously been linked with two diseases; Alagille Syndrome (Penton et al., 2012) and Extrahepatic Biliary Atresia (Kohsaka et al., 2002) . Alagille is a more severe multi-system disease and we have previously demonstrated that the amino acid substitutions linked to this disease result in mis-folded protein being retained within the cell and hence lead to haplo-insufficiency of Jagged-1 (Chillakuri et al., 2013) . The Jagged-1 point mutations in EHBA affect only one organ system and lead to an abnormal or absent extrahepatic bile duct implying a more subtle effect on Notch-signalling. We therefore generated recombinant Jagged1 variant proteins bearing three of the individual amino acid substitutions associated with EHBA -Asn53Asp and Lys65Met within the apical loops of the C2 domain and Arg203Lys within the Notch-binding interface of the DSL ( Figure 5A ). All these variant forms could be purified as recombinant proteins unlike those previously studied Alagille variants, suggesting that haploinsufficiency of Jagged1 does not cause EHBA. All variants reduced activation in a cellular assay of Notch-signalling activity to a similar level to control substitutions (Phe207Ala within the Notch-binding site or Asp140Ala/Asp144Ala within the C2 domain). ( Figure   5B ). To define the mechanisms leading to reduction in activity we next tested the variant proteins to see if either membrane or Notch recognition were altered. As predicted, the disease-causing variant within the Notch-binding site abrogated Notch binding ( Figure 5C ) but left liposome binding intact ( Figure 5D ). Conversely, both disease-causing C2 domain variants left Notch binding unaltered ( Figure 5C ), but significantly reduced liposome binding ( Figure 5D ). All three disease causing variants therefore did not show the enhancement of Notch-binding in the presence of liposomes seen for WT Jagged1 ( Figure 5E ). These data strongly suggest that EHBA is caused by a failure to form a ternary complex comprising membrane, Notch and ligand, which in the cases studied here can be due to a reduction in membrane recognition by the C2 domain (Asn53Asp, Lys65Met) or a direct effect on Notch recognition mediated by the DSL domain (Arg203Lys). These data therefore strongly support the idea that two recognition events are critical for efficient Notch-signalling in some physiological contexts, such as bile duct development.
Since composition of membrane can vary with cell type and stage of development, future studies will investigate the in vivo importance of the ternary complex for Notch signaling utilizing CRISPRcas genome editing approaches in combination with structure-informed mutagenesis of C2 domain loops from different Notch ligands. across the DSL domain, shows that these structures appear to fall into two groups (C). One group has an overall globally bent arrangement (C(ii)), which includes all of the DLL4 molecules bound to Notch-1 EGF11-13, and a second group with a straighter arrangement (C(i)). Binding of ligands to a Notch receptor in a native context likely requires the ligands to be in the straighter arrangement, as the bent arrangement is incompatible with binding to EGF10. (A) The loops between strands 1 and 2 (Calcium binding region 1 (CBR1)), and between 5 and 6 (CBR3) of the Notch ligand C2 domains differ in length and conformation. (B) The loop between strands 3 and 4 (CBR2) is also different. (C) The Jagged1 and Jagged2 C2 domains bind calcium ions (shown in red), where as DLL4 and DLL1 do not (C); the aspartates involved in calcium binding are not conserved in DLL4 and DLL1. Both Jagged1 and Jagged2 contain N-glycosylation sites in the loop between strands 5 and 6. The α(1,6)-linked fucose on the Asn-153 N-glycosylation site in Jagged2 packs against Trp-151 side chain (shown). All of these differences at the putative lipid binding site likely reflects the different Notch ligand lipid binding specificity. The complex structure between DLL4 and Notch-1 was of rat DLL4 (shown in panel A); human DLL4 is shown in panel B. Conservation of the residues involved in complex formation is indicated by background colour, highlighting the high conservation of the ligand binding sites in Notch-1 and Notch-2. There are a few residues in the receptor binding sites of the ligands that are absolutely conserved, with site 2 (DSL-EGF11) being more variable than site 1 (C2-EGF12).
Figure 4 -Functional coupling between liposome and Notch binding of Notch ligands
(A) All canonical human Notch ligands (Jagged1, Jagged2, DLL1 and DLL4) (N-EGF3) bind to both human Notch-1(i) and Notch-2 (ii) EGF11-13 to a similar extent as assessed by plate assay. Notch ligands were bound to nickel-coated plates before biotinylated pre-clustered Notch was added with NeutrAvidin conjugated HRP. Binding is shown at high (H) and low (L) protein concentrations, L indicating background. All components were purified from insect cells. 
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Figure S1 -Structural comparison of human DLL4 ligand with rat DLL4
Superposition of human DLL4 (N-EGF3) (A) with rat DLL4 SLP (N-EGF1) (grey) -Notch-1(EGF11-13) (pink) complex structure (PDB ID = 4XL1) (Luca et al., 2015) across the DSL domain, highlights the greater angle between the C2 and DSL domains in the apo ligand structure (B). There are also differences in the loops between strands 3 and 4 (CBR2), and strands 5 and 6 (CBR3) in the C2 domain between rat and human DLL4 (C). The Consurf server (consurf.tau.ac.il) was used to create a surface representation of the evolutionary conservation of residues in DLL4 based on an alignment from zebrafish to humans using ClustalO (data not shown). This highlights that CBR2 and CBR3 are the most variable regions of the structure (C).
Methods:
Protein expression and production:
Notch ligand and receptor constructs were recombinantly expressed in S2 insect cells (Expres2ion® DLL4 N-EGF3 was crystallised at 3 mg/ml in 0.1 M MES pH 6.5, 12% (w/v) PEG-20K at a 3:1 protein:precipitant ratio. Crystals were cryoprotected with 35% (v/v) glycerol, and data were collected to 2.2 Å ( Table 1 ). The crystal belonged to space group C2, with one molecule in the asymmetric unit. The structure was solved by molecular replacement using the C2 domain of Jagged2 N-EGF3 was crystallised at 2.3 mg/ml in the presence of 10 mM BaCl 2 in 0.1 M sodium citrate pH 5.3, 20% (w/v) PEG-5000 MME at a 3:1 protein:precipitant ratio. Crystals were cryoprotected with 30% (v/v) ethylene glycol, and data were collected to 2.8 Å ( Table 1 ). The crystal belonged to space group P2 1 2 1 2 1 , with one molecule in the asymmetric unit. The structure was solved by molecular replacement using the C2 domain of Jagged1 (PDB ID = 4CC1) (Chillakuri et al., 2013) using Phaser (McCoy et al., 2007) , before the remaining domains of Jagged1 N-EGF3 were placed sequentially into the electron density with iterative rounds of rigid body and restrained refinement in Refmac (Murshudov et al., 1997) . Barium was not visible in the electron density maps, and neither were the loops at the tip of the C2 domain. Jagged2 N-EGF2 was crystallised at 3.4 mg/ml in the presence of 10 mM CaCl 2 in 0.05 M potassium dihydrogen phosphate, 20% (w/v) PEG-8000 at a 3:1 protein:precipitant ratio. Crystals were cryoprotected with 20% (v/v) glycerol, and data were collected to 2.7 Å ( Table 1 ). The crystal belonged to space group P2 1 2 1 2 1 (similar to the apo N-EGF3 crystal form), with one molecule in the asymmetric unit. The structure was solved by molecular replacement using the N-EGF2 portion of the apo N-EGF3 model using Phaser (McCoy et al., 2007) . Three calcium ions and most of the residues in the loops of the C2 domain are visible in the electron density.
Jagged2 N-EGF2 also crystallised at 3.3 mg/ml in the presence of 20 mM CaCl 2 in 0.1 M sodium cacodylate pH 6.5, 0.2 M ammonium sulphate, 30% (w/v) PEG-8000 at a 1:1 protein:precipitant ratio. Crystals were cryoprotected with 20% (v/v) ethylene glycol, and data were collected to 2.8 Å (Table 1 ). The crystal belonged to space group C2, with six molecules in the asymmetric unit. The structure was solved by molecular replacement using the N-EGF1 portion of the above N-EGF2 structure model using Phaser (McCoy et al., 2007) , before the EGF2 domains were placed manually into the electron density. Three calcium ions are bound to the C2 domain, with the loops of the C2 domain mostly visible (excluding three residues in the loop between strands 1 and 2). Asn-153 is N-glycosylated with density representing the first four sugar moieties visible (until the β(1-4)-linked mannose).
Notch2 EGF11-13 crystallised at 20 mg/ml in the presence of 10 mM CaCl 2 in 0.1 M sodium cacodylate pH 6.5, 0.2 M sodium acetate, 30% (w/v) PEG-8000 at a 3:1 protein:precipitant ratio.
Crystals were cryoprotected with 15% (v/v) ethylene glycol, and data were collected to 1.9 Å (Table   1 ). The crystal belonged to space group P2 1 2 1 2 1, with one molecule in the asymmetric unit. The structure was solved by molecular replacement using the individual EGF domains of Notch1 (PDB ID = 2VJ3) (Cordle et al., 2008) . EGF12 was found first, before EGF11 and EGF13. Density Wells were washed twice with 20 mM HEPES pH 7.4, 200 mM NaCl before blocking for ~3 hours with 0.1% (w/v) gelatin in the same buffer. Following incubation, wells were washed twice more with buffer, with the second wash buffer also containing 5 mM CaCl 2 .
To appropriate wells, 8 μl of anti-Jagged1 DSL domain Ab supernatant was added.
Liposomes were prepared as described in Chillakuri et al. (Chillakuri et al., 2013) . To analyse the effect of adding Notch1 EGF11-13 on liposome binding, Notch1 EGF11-13 was added at a 4:5 liposome:protein volume ratio, with liposomes diluted 1 in 20 in 20 mM HEPES pH 7.4, 200 mM NaCl, 2 mM CaCl 2 , and Notch1 at 800 nM in the same buffer .
The liposome:protein mix was incubated on a rotating shaker for 1 hour, before washing twice in 20 mM HEPES pH 7.4, 200 mM NaCl, 5 mM CaCl 2 . Liposomes were solubilised in 40 μl of 0.3% Triton X-100 for at least 1 hour before the fluorescence intensity was measured in 96-well plate reader format using PHERA Star BMG Labtech (wavelengths: excitation 485nm, emission 520nm).
Assay of EHBA variant proteins
Ligands proteins were produced as Fc fusions in human embryonic kidney 293T (HEK293T) cells using a transient transfection system (Aricescu et al., 2006) and purified as described in Chillakuri et al., 2013 (Chillakuri et al., 2013 . Notch1/2 EGF11-13 constructs were produced in S2 system and 
Statistical analyses
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